Quantum dots (QDs) are semiconducting nanocrystals that have photoluminescent (PL) properties brighter than fluorescent molecules and do not photo-bleach, ideal for in vivo imaging of diseased tissues or monitoring of biological processes. Near-infrared (NIR) fluorescent light within the window of 700-1000 nm, which is separated from the major absorption peaks of hemoglobin and water, has the potential to be detected several millimeters under the surface with minimal interference from tissue autofluorescence. Here we report the synthesis and bioimaging demonstration of a new NIR QDs system, namely, CdPbS, made by an aqueous approach with 3-mercaptopropionic acid (MPA) as the capping molecule. The aqueous-synthesized, MPA-capped CdPbS QDs exhibited an NIR emission in the range of 800-950 nm with x i ≥ 0.3, where x i denotes the initial Pb molar fraction during the synthesis. Optimal PL performance of the CdPbS QDs occurred at x i = 0.7, which was about 4 nm in size as determined by transmission electron microscopy, had a rock salt structure and a quantum yield of 12%. Imaging of CdPbS QDs was tested in membrane staining and transfection studies. Cells transfected with CdPbS QDs were shown to be visible underneath a slab of chicken muscle tissue of up to 0.7 mm in thickness without the use of multiple-photon microscopy.
Introduction
Quantum dots (QDs) are semiconducting nanocrystals with distinctive photoluminescence properties that are much brighter than traditional fluorescent molecules (fluorophores) and do not photo-bleach, an important attribute for disease imaging [1] [2] [3] [4] . Specific antibody-bound QDs can be used to image antigens on cellular, endothelial, or mucosal surfaces in vivo [5] . For example, fluorescence of antibody-linked QDs bound to the cancerous tissues in a mouse helped locate the tumor [6] . In addition, cellular proliferation can be quantified using a QD-based incorporation assay [4] . QDs have also been illustrated in molecular beacons to detect DNA [7] [8] [9] .
Most commercial QDs are made using an organometallicprecursor route in an organic solvent that is hazardous to the environment and to the health of the workers. These organic solvent-derived QDs must be transferred from the organic solvent to an aqueous medium for bioimaging application, which requires multiple steps of ligand and solvent exchange. It would be desirable-especially for bioimaging applications-if QDs could be synthesized in an aqueous approach so that the as-synthesized QDs could be directly applied for bioimaging without the need of tedious ligand and solvent exchange to minimize the potential hazard to the environment and human health. In our laboratory, we have developed an aqueous synthesis route that produces highly luminescent CdS QDs that are less than 5 nm in size and capped with 3-mercaptopropionic acid (MPA) in one single step that can be readily conjugated for bioimaging [10] . A similar aqueous approach also produced bright ZnS-based QDs [11] [12] [13] . It has also been shown that by first synthesizing ZnS QDs with MPA as the capping molecule and subsequently replacing MPA with 3-mercaptopropyltrimethoxysilane (MPS), a quantum yield (QY) as high as 75% could be achieved with ZnS QDs [13] .
Near-infrared (NIR) light within a spectral window of 700-1000 nm has a minimal overlap with the major absorption peaks of hemoglobin and water [14] . As a result, NIR light has the potential for deeper tissue penetration than visible light [15, 16] . For example, emission spectra centered at 840, 1110, 1320, and 1680 nm enable a detection depth of up to 5-10 cm [4, 15] . Recently, NIR QDs were demonstrated for direct infrared visual guidance throughout a sentinel-lymph-node mapping procedure in a pig, which had the potential to minimize incision and dissection inaccuracies as well as real-time confirmation of complete resection during surgery [17] . NIR QDs are also compatible with many infrared sensing and imaging technologies [18] . Moreover, NIR emission has minimal interference from tissue autofluorescence, which centers mostly around the green color (500-600 nm) [19] . Because of these benefits, much effort has been devoted to the development of NIR QDs [20] . InAs/InP/ZnSe and CuInSe/ZnSe (759 nm) NIR QDs with core/shell/shell or core/shell structures are examples of NIR QDs with the potential for deep-tissue imaging due to their longer wavelength and relatively low toxicity [21, 22] . The InAs(ZnCdS) NIR QDs have been conjugated with streptavidin for cellular imaging at a depth of up to 200 µm with multiple-photon microscopy [16] . However, these QDs were synthesized in an organic route that required multiple solvent-and ligand-exchange steps before they could be used for conjugation for imaging purposes. Here we report a new NIR QD system, CdPbS, obtained using an aqueous synthesis route and its demonstration in bioimaging applications.
Materials and methods

Cd and Pb precursor solutions
0.08 M Cd precursor solution and 0.08 M Pb precursor solution were prepared by dissolving 1.19 g of cadmium nitrate tetrahydrate Cd(NO 3 ) 2 (Alfa Aesar, MA) and 1.32 g of lead nitrate Pb(NO 3 ) 2 (Alfa Aesar, MA) in 50 ml of de-ionized (DI) water, respectively. The precursor solutions were stirred for 15 min at room temperature. The precursor solutions, which were then stored in the dark for later use, could be stable for several weeks. Note that all QD synthesis and processes were carried out at room temperature.
CdPbS synthesis
CdPbS QDs with an initial nominal molar fraction of Pb, x i ranging from 0.1 to 0.9, were prepared as follows, where −3 , Alfa Aesar, MA) was dissolved in 40 ml of de-ionized (DI) water and stirred for 10 min, followed by the addition of (1 − x i ) ml of the 0.08 M Cd precursor solution and x i ml of the 0.08 M Pb precursor solution. The solution was stirred for 10 min. The pH was then adjusted to 10.5 with tetramethylammonium hydroxide (TMAH), followed by the addition of 375 µl of 0.08 M Na 2 S precursor (Sigma-Aldrich, MA). This would make the initial nominal MPA:(Cd 1−x i Pb x i ):S molar ratio 8:2.6:1. The solution was stirred for 10 min. Following the precipitation of CdPbS QDs, 2.4 mol excess Cd was added relative to each S and the pH was adjusted to 12 with TMAH to improve the PL intensity. The final nominal QDs concentration was 0.6 mM, based on the concentration of S. After the synthesis, the CdPbS QD suspension was kept at 4 • C overnight.
3-mercaptopropyl trimethoxysilane (MPS) replacement
The suspension of MPA-capped CdPbS QDs was filtered using a 10 kDa filter (Amicon ultracel, Millipore, CA) by microcentrifugation at 3000 rpm for 10 min three times to remove excess MPA and unused precursors. In each filtering, 25% of the liquid in the suspension was removed. After each filtering, the volume of the suspension was brought back to initial value by adding DI water. In each MPS replacement procedure, 50 ml of the QDs suspension were used. The pH of the suspension was adjusted back to 12 before the addition of 5.6 µl of MPS (Sigma-Aldrich, MA). The suspension was then stirred continuously for 30 min. The nominal molar ratio of MPS:cations:S was 1:5:1. The MPS-replaced QD suspension was at 4 • C.
NIH 3T3 Cell culture and transfection experiment
NIH 3T3 was cultured with complete DMEM medium. The cell culture media contained 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were incubated at 37 • C with 5% CO 2 and split every 2-3 days. Polyethylenimine (PEI) (MW = 25 kDa, branched, SigmaAldrich, MA) was first diluted in a phosphate-buffered saline (PBS) solution at 1.43 mM. For transfection experiments, the MPS-replaced QDs were first filtered by microcentrifugation at 3000 rpm for 10 min three times to remove unbound MPS. Various amounts of the PEI solution ranging from 10 to 1000 µl were added to 1 ml of a 0.6 mM MPS-replaced CdPbS QDs suspension to achieve a PEI/QD number ratio of 1, 10, 20, 30, 50, 80, 100, 300, and 500 based on the QD particle concentration. The QD particle concentrations were estimated based on a QD size of 4 nm, as evident in the TEM and a lattice constant of 0.593 nm, which was calculated according to XRD pattern obtained in this study. Assuming the QDs to be cubes, a QD concentration of 0.6 mM based on S was equivalent to 0.733 µM based on QD particle concentration. For example, mixing 102 µl of a 1.43 mM PEI solution with 1 ml of a 0.6 mM QDs suspension (0.733 µM based on particle concentration) would yield a PEI/QD number ratio of 200. To maintain the same QD concentration at 0.366 µM by particle concentration for all PEI-QD mixtures, an appropriate amount of de-ionized water was added to bring the final volume to 2 ml. The pH of all PEI-QD mixtures was adjusted to 7 before transfection. NIH 3T3 cells were transferred onto chamber slides and incubated in complete DMEM medium. After one day, the medium was replaced by a fresh medium. PEI-QD mixtures (20 µl) were added to the cell culture and incubated at 37 • C with 5% CO 2 for 24 h. Cells were then washed with PBS three times and fixed with 4% paraformaldehyde (EMS, Hatfield, PA) for 15 min, followed by washing again with PBS. 4 , 6-diamidino-2-phenylindole (DAPI) was added at the end to stain the nuclei.
Cell membrane imaging
To prepare the conjugated QDs, DSPE-PEG-Mal, 2000 (Creative PEG works, CA) was first dissolved in PBS at 10 mg ml −1 . Various amounts of DSPE-PEG-Mal solution were added to 1 ml of 0.733 µM (by particle concentration) MPS-capped QDs suspension. The DSPE-PEG-Mal/QD number ratios were 1, 10, 20, 100, and 200, based on the QD particle concentration. The final volume of all the mixtures was adjusted to 2 ml to ensure the same QD concentration of 0.366 µM by the particle concentration. NIH 3T3 cells were grown on chamber slides at 37 • C with 5% CO 2 for two days. The cells were then fixed with 4% paraformaldehyde and washed three times with PBS. No Triton X-100 or acetone was added to preserve the membrane characteristics of the cells. The DSPE-PEG-Mal QD mixtures were added to the chamber slides and incubated for 3 h at room temperature. The solution was removed and cells were washed with PBS three times. Finally, DAPI counter-stain was added.
The photoluminescence (PL) spectra were measured using a fluorometer (QuantaMaster 40, PTI, Birmingham, NJ). The x-ray diffraction patterns of the QDs were examined using a Siemens D500 x-ray diffractometer. The actual compositions between Cd and Pb in the QDs were measured by atomic absorption (AA) (AA240FS, Varian, Santa Clara, CA) spectroscopy. The absorption spectra were measured using a UV-vis spectrometer (USB4000, Ocean Optics, FL). The fluorescence images of the QDs were examined using an Olympus BX51 microscope with a NIR CCD camera (MicroVista, Intevac, CA). The size of the QDs was examined by transmission electron microscopy (JEM-2100, JEOL, West Chester, PA).
Results and discussion
Bulk CdS and bulk PbS have band gaps of 2.4 eV and 0.37 eV, corresponding to wavelengths of 517 nm and 3351 nm, respectively. This suggests that a NIR QD system is possible if Cd and Pb can both be incorporated in the QDs to form a solid solution. Here we show that indeed, under basic conditions (preferably at pH > 11), both Cd and Pb could be incorporated in the QDs and that the emission wavelength of the QDs changed with the Cd/Pb molar ratio. In the following, we use the 'initial' molar fraction of Pb, x i , to denote CdPbS QDs of different Cd/Pb ratio. By varying x i , we have examined the formation of CdPbS QDs and the resultant PL to identify the optimal x i for NIR emission in the 700-1000 nm window. The formation of the CdPbS QDs and their resultant PL can be enhanced by the amount of MPA included in the initial precursor solutions and the amount of excess Cd 2+ added after the initial precipitation of the QDs. A typical synthesis condition is characterized by the MPA:cations:S molar ratio among the MPA, the cations, namely Cd 2+ and Pb 2+ , and the sulfur in the solution. It was found that the optimal synthesis condition consists of having an initial MPA:cation:S molar ratio of 8:2.6:1 followed by adding 2.4 of excess Cd 2+ to result in a final MPA:cation:S molar ratio of 8:5:1. In other words, there were 8 moles of MPA and 5 moles of cations for every mole of sulfur. Note that a similar PL enhancement by the addition of excess cations after the initial QD precipitation was also observed in ZnS and CdS systems [13, 23] . The final 'nominal' molar fraction of Pb, x f , was related to the initial nominal molar fraction of Pb, x i , as x f = (2.6/5)x i = 0.52x i .
The PL spectra of the CdPbS QDs of various x i were shown in figure 1(a). As can be seen, the PL emission spectra of the QDs with x i = 0.1 and 0.2 peaked at around 500 nm, similar to that of CdS QDs [7] . In contrast, for x i ≥ 0.3, the PL emission peak shifted to the NIR range above 800 nm. The photoluminescence excitation (PLE) and the PL wavelengths of the CdPbS QDs versus x i are shown in figures 1(b) and (c).
There was an abrupt shift of the PL peak wavelength from around 500 nm for x i ≤ 0.2 to above 800 nm for x i ≥ 0.3. There was also a similar abrupt shift of the PLE wavelength above x i = 0.2, although the up-shift of the PLE wavelength at x i = 0.2 was not as drastic as that of the PL wavelength ( figure 1(b) ). These results indicate that at x i ≤ 0.2, the PL of the CdPbS QDs behaved like that of CdS, while at x i ≥ 0.3, a PbS-like behavior emerged ( figure 1(c)) .
The x-ray diffraction (XRD) patterns of CdPbS QDs for x i = 0.1-0.9 were shown in figure 1(d). The XRD results for x i ≤ 0.2 exhibited the 110 and 220 peaks of a zinc blende structure, which is the structure of CdS [10] . For QDs with x i ≥ 0.3, the rock salt structure, which is the structure of PbS [24] , began to appear and coexist with the zinc blende structure. Roughly in the range of 0.3 ≤ x i ≤ 0.6, both the zinc blende and the rock salt structure coexisted. To further clarify if the CdPbS QDs were solid solutions in the range of x i ≤ 0.2 and x i > 0.6, we plot the position of the 220 peaks for both zinc blende and rock salt structures versus x i in figure 1(e). According to Vegard's law [17] , the lattice constant should vary linearly with the composition of the solid solution. In the range of x i ≤ 0.2, the solid solution behavior was evident by the shift of the 220 peak to a small angle due to the increase of the lattice constant by the increasing amount of Pb in the zinc blende structure. A similar decrease of the 220 peak position was also evident for x i > 0.6, indicating a solid solution of the rock salt structure for x i > 0.6. These XRD results indicate that the CdPbS QDs were crystalline solid solutions with a zinc blende structure at x i ≤ 0.2 and a rock salt structure at x i > 0.6. For 0.3 ≤ x i ≤ 0.6, the QDs were a mixture of the zinc blende and rock salt structures. The abrupt transition in the PL behavior shown in figures 1(a)-(c) was well correlated with the structural change from the zinc blende structure of the CdS to the rock salt structure of PbS. The behavior of PLE shown in figure 1(b) indicates that, for 0.3 ≤ x i ≤ 0.6, the excitation wavelength is a linear combination of the zinc blende and the rock salt phase, consistent with the XRD results shown in figures 1(d) and (e), only that the PL in the 0.3 ≤ x i ≤ 0.6 range seemed to be more dominated by the rock salt phase with an emission wavelength >800 nm. Further close spectroscopic examinations showed that all suspensions with x i ≥ 0.3 lacked emissions at around 500 nm, supporting the notion that the rock salt phase dominated the PL behavior. Note that the highest NIR emission intensity occurred at
To determine the actual composition between Cd and Pb in the QDs we carried out atomic absorption (AA) spectroscopy studies. Before the AA measurement, the free Cd 2+ and Pb 2+ ions in the QD suspensions were removed by three repeated microcentrifugations with a 10 kDa filter, as described above. After each microcentrifugation, distilled water was added to bring the volume of the QDs suspension back to its initial value. The measured AA intensities for Pb and Cd were converted to concentrations according to the calibration curves. The result is shown in figure 2(a) , where we plot the measured Cd and Pb concentrations versus the nominal concentrations of Cd and Pb. We denote the measured final molar fraction of Pb, figure 2(b) . As can be seen, the concentrations of the Cd and Pb incorporated in the QDs were lower than the initial nominal Cd and Pb concentrations, indicating that not all the Cd 2+ and Pb 2+ ions in the synthesis solution were incorporated into QDs. However, as shown in figure 2(b) , the measured x m final molar fraction of Pb incorporated in the QDs were quite similar to the nominal x f for x i up to 0.7. For x i ≥ 0.8, it was found that x m was much larger than x f , suggesting the Cd was harder to incorporate in the rock salt structure once the x i exceeded 0.8. As a result, QDs with x i ≥ 0.8 exhibited a higher Pb molar fraction than the nominal value. It was known that excess Cd can improve the PL of the precipitated QDs [13] . We speculate that the PL intensity peak at x i = 0.7 was related to the difficulty of incorporating Cd at x i ≥ 0.8.
Since the highest PL intensity was at x i = 0.7, we focused the remainder of the study, i.e., QDs stability and bioimaging on the QDs with x i = 0.7. The stability of the CdPbS QDs over time was evaluated by monitoring the quantum yield (QY) of the QDs over time. To measure the QY of the QDs, Rhodamine 101 (RD) (Fisher Scientific, Fairlawn, NJ) was used as the standard. Diluted RD solutions and QD suspensions were prepared. The absorption spectra of the diluted RD solutions and QDs suspensions were measured with the USB4000. The emission spectra were measured with the PTI with a common excitation wavelength of 460 nm. The integrated emission intensity and integrated absorption of each RD solution and each QD suspension were obtained by integrating the area under the emission peak and that under the absorption curve, respectively. The obtained integrated emission intensity was then plotted versus the integrated absorption for both the RD and QDs. As an example, we show the integrated emission versus integrated absorption of the RD and the QDs of the first day in the inset of figure 2(c). With the QY of RD being 100% [25] , the QY of the QDs could be obtained by dividing the slope of the integrated emission versus integrated absorption of the QDs by that of the RD as QY = slope of QDs curve slope of RD curve × 100%.
The QY of the CdPbS QDs versus time is shown in figure 2(c). As can be seen, the QDs had an initial QY of about 12% and retained a QY of about 8% even after 21 days of storing at 4 • C in the dark, indicating that the CdPbS QDs had a high QY and were stable over a long period of time.
A TEM micrograph of the CdPbS QDs is shown in figure 2(d) , which shows the QDs to be about 4 nm and unagglomerated.
To test the utility of the CdPbS QDs at x i = 0.7 in bioimaging, we show two examples. The first example is the transfection of MPS-replaced CdPbS QDs in the cytoplasm of mouse fibroblast cells NIH 3T3 (ATCC, Manassas, VA) using PEI as a carrier. MPS-replaced CdPbS QDs were used for better photo-stability and were obtained by the addition of MPS in the CdPbS QD suspension, as described above [11] . In the following, we refer to CdPbS QDs simply as QDs for simplicity.
For transfection, we first examined the size and charge of the PEI-QD complex at various PEI/QD number ratios 1, 10, 20, 30, 50, 80, 100, 200, 300, 500, 800-1000. We started all PEI-QD mixtures at a QD particle concentration of 0.366 µM, a volume of 2 ml, and an initial pH of 12. The mixtures were incubated at room temperature for 10 min. The suspension pH was then adjusted to 7 using nitric acid. PEI was positively charged in water due to the amine groups in the PEI. On the other hand, the MPS-replaced QDs were negatively charged due to the silanol and thiol of MPS. When the PEI/QD ratio increased, heterogeneous aggregation occurred due to the opposite charges carried by the PEI and the QDs [26] . The size and the zeta potential of the PEI-QD complex, as measured by the ZetaSizer (Malvern), versus the PEI/QD ratio are shown in figures 3(a) and (b), respectively. The PL intensity of the PEI-QD complex versus PEI-QD number ratio, as measured by the Tecan plate reader (Infinite 2000, Tecan, MA), was plotted in figure 3(c) . At zero PEI concentration, the size of the QDs as measured by the ZetaSizer was around 3-5 nm ( figure 3(a) ), consistent with the 4 nm size obtained by TEM, and the zeta potential of the QDs was −25 mV ( figure 3(b) ). As we can see from figure 3(a) , the size of the PEI-QD complex increased rapidly, exhibited a maximum of about 600 nm at a PEI/QD number ratio of around 10, decreased with further increase of the PEI/QD number ratio, and saturated at a size of about 30 nm at PEI/QD number ratios > 200. At the same time, the zeta potential of the complex increased sharply from negative to neutral at the PEI/QD number ratio where the PEI-QD complexes exhibit a maximal size. The size distribution of PEI/QD = 300 is narrow compared to the PEI/QD = 10 where the PEI formed big aggregate with the QDs. It indicates the complex was more stable at higher PEI/QD ratios, so that they were able to repel each other, whereas PEI/QD of lower ratios were not stable and formed aggregates of random pattern, resulting in large distribution in size. A further increase of PEI/QD ratio increased the positive charge of the complex, resulting in the breakup of the PEI-QD complex reducing its size. This kind of behavior is typical of systems where hetero-aggregation occurs [27, 28] and was also observed in the previous studies of CdS QDs with PEI [29] . A schematic of such heterogeneous aggregates is depicted near the peak of the PEI-QD size in figure 3(a) . At large PEI/QD ratio > 200, the zeta potential of the PEI-QD complex was above +25 mV and its size was about 30 nm, suggesting that PEI-QD complexes may be thought of as sunflowers, with the QDs as the 'sunflower head' and the PEI as the 'petals' around the sunflower head, as schematically shown in figure 3(a) . A schematic of such a 'sunflower-like' PEI-QD complex is depicted near the plateau above PEI/QD number ratio > 200. Note the size of an individual PEI was about 8 nm (data not shown) and that of the QD was about 4-5 nm. That the overall size of a complex was about 30 nm suggests that the adsorbed PEI on the QD surface was stretched outwardly due to the high PEI/QD ratios. Figure 3(c) shows the PL behavior of the PEI-QD complex. One can see that as the PEI/QD ratio increased to 10, where the size of the PEI-QD complex exhibited a maximum, the PL intensity of the PEI-QD complex also exhibited a maximum. As the PEI/QD ratio increased to above 50, the PL intensity of the PEI-QD complex decreased and saturated at a value that was similar to that of QDs alone. Figure 3 shows that a larger PEI-QD complex has a higher PL intensity. The reason why a larger PEI-QD complex is brighter is unknown, and will be addressed in future study. That, at higher PEI/QD ratios, the PL intensity of the PEI-QD complex was similar to that of QDs alone was consistent with the notion that, under these conditions, QDs were well separated due to the PEI layer surrounding each QDs.
We tested the transfection performance of PEI-QD complexes of various ratios. PEI-QD complexes with a PEI/QD ratio of 300 showed the best transfection results, as judged by the intensity of the PL and the uniformity of the distribution of the PL inside the cells after transfection. As an example, we show a bright-field image, a DAPI image, a QDs image, and the overlap of all three of the same cells in figures 4(a)-(d) , respectively. These four images together indicate that the PEI-QD complex was able to enter the cytoplasm and remain fairly uniformly distributed inside the cytoplasm. Although the present study could not provide the distribution of the QDs in the thickness direction to unambiguously indicate that the QDs were inside the cells, there was no fluorescence signal overlapping with the outlines of the cells. This indicates that the QDs were likely inside the cells rather than on the membrane surface. For the present study, we did not perform cytotoxicity test on the transfected cells, as our focus was more on the imaging of the NIR QDs. However, in our previous transfection study of CdS QDs to PC12 cells, we found that the toxicity of the PEI-QD complex was lower than that of PEI alone and cells were viable after transfection [29] . It is likely the present CdPbS QDs will behave similarly. More detailed CdPbS QDs transfection studies will be carried out in a future study.
The second bioimaging example was cellular membrane imaging using 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol-maleimide (DPSE-PEG-Mal) conjugated QDs. The conjugated QDs were tested on both cells and paraffin-embedded breast tissue slides. The best ratio for DSPE-PEG-Mal/QD ratio was 50, as judged by the intensity of the PL and the uniformity of the distribution of the QDs on the cells. As an example, we show a bright-field image, a DAPI image, a QD fluorescence image, and the overlay of all three of the same cells treated with the DSPE-PEG-Mal-QD mixture at a DSPE-PEG-Mal/QD ratio of 50 in figures 5(a)-(d), respectively. As can be seen from figure 5(c), all cell membranes were uniformly stained by the QDs. In particular, the overlay in figure 5(d) clearly showed that the PL images of the QDs were contained well by the bright-field contour of the cells, indicating that the DSPE-PEG-Mal conjugated QDs were indeed capable of imaging cell membranes. We speculate that the DSPE part of the PEG mimics the tail of the phospholipids in the bi-layer of the cell membrane, with the maleimide reacting with the thiol of the MPS on the QD surface to covalently link to the QD. Confocal microscopy was used to determine whether the signal came from the QDs on the cell membrane or the internalized QDs in the cytoplasm (data not shown). A z-stack of the cells was obtained. A 3D surface plot was constructed at different depth, z. At the depth of the cell nuclei, there was no QDs emission. Emission was seen only at the bottom of the nucleus where the cell membrane was located. Furthermore, when moving away from the plane of nuclei, only the membrane of the cell was visible, and not the nuclei. This indicates that the designed DSPE-PEG-Mal conjugated QDs stayed on the cell membrane and not inside the cytoplasm. To further examine the tissue penetration depth of the CdPbS QDs, fluorescence images of transfected cells were taken beneath layers of chicken muscle tissue of various thicknesses. The excitation intensity of the lamp was 13 mW mm −2 , with an image acquisition time of 270 µs. We show the fluorescence image of the same transfected cells alone, underneath 0.1 mm, 0.4 mm, and 0.7 mm thick chicken tissue in figures 6(a)-(d), respectively. As can be seen, the image of the transfected cells could be seen underneath a chicken muscle layer of up to 0.5 mm thick. The depth capability of the QDs was further analyzed using digitized images with ImageJ. The background fluorescence signal from the chicken tissues, although minimal, was subtracted from the QDs fluorescent signals from the fibroblast cells. We found that the QD-to-background contrast decreased with an increasing thickness of the chicken tissue with a maximal detection depth of about 0.7 mm due to microscope limitations. It is worth noting that the depth capability of the QDs shown above was achieved without the aid of multiple-photon microscopy.
It is of interest to note that, because the emission wavelength of the CdPbS QDs was well in the NIR range, imaging cells using the CdPbS QDs essentially removed the autofluorescence signal of cells. As a result, in a fluorescent microscopy session, the CdPbS QDs stained slides would appear pitch black to the human eye and only when the NIR CCD camera was switched on did a clear fluorescence image of the QDs appear on the computer screen. As an example, figure 7 showed that NIR QDs cannot be seen by naked eyes under a UV-lamp excitation whereas CdS QDs exhibited blue color under both a UV-lamp and fluorescence microscope. On the other hand, CdPbS QDs can be observed under an NIR CCD camera but not a UV-lamp. This indicates that the fluorescent image that we observed in the CdPbS QD system was due to the NIR emission of the CdPbS and the CCD camera could capture the NIR emission. This also indicates that imaging using the NIR CdPbS QDs can enhance the signal to noise ratio of the images as cellular and tissue autofluorescence were minimal in the NIR range.
Conclusion
In summary, we have successfully synthesized MPA-capped CdPbS QDs using an aqueous synthesis route under basic conditions, with initial Pb molar fraction (x i ) in the synthesis solution, followed by the addition of excess Cd 2+ . It was shown that the measured final Pb mole fractions were similar to the nominal final mole fraction for x i ≥ 0.7. At x i ≥ 0.3, CdPbS QDs exhibited NIR emissions, with the optimal emission intensity occurring at x i = 0.7 and a peak emission wavelength of 850 nm. These NIR CdPbS QDs were synthesized completely by an aqueous route that was different from the currently reported NIR system. The quantum yield at x i = 0.7 was 12% and the XRD analysis showed that it was a solid solution in a rock salt structure. The imaging capability of CdPbS NIR QDs was demonstrated with membrane staining and transfection experiments. We Figure 7 . Under a UV-lamp, CdS QDs showed blue luminescent color whereas CdPbS QDs did not show any color due to the NIR range. A drop of QD suspension was placed on the glass slide surface and observed under a fluorescence microscope. When observed in the microscope, blue CdS QD dots were seen, but not CdPbS QDs. However, when the NIR CCD camera was turned on, bright dots were observed.
also demonstrated that the fluorescence of stained cells could still be observed under a slab of chicken tissue 0.7 mm thick without a confocal microscope. We believe that the current work will have a significant impact in the synthesis of new NIR materials as well as offering a new tool in tissue imaging.
